We analysed the genetic diversity and environmental correlates of the aldolase A and B genes by means of restriction endonucleases (DNA RFLP analysis), in the four chromosomal species (2n =52, 54, 58 and 60) of the actively speciating subterranean mole-rats of the Spalax ehrenbergi superspecies in Israel. The results indicated that: (i) both aldolase genes are highly polymorphic; (ii) Fragment frequencies and fragment profiles display geographical patterns and significant ecological correlates; (iii) discriminant analysis largely succeeded in separating the four chromosomal species on the basis of variation of aldolase RFLPs.
INTRODUCTION
The glycolytic enzyme fructose-i, 6-bisphosphate aldolase (aldolase; EC 4.1.2.13) is a tetrameric protein composed of a specific combination of different subunits A (muscle type), B (liver type) and C (brain type) (Penhoet et a!., 1967) . These isozymes have the same molecular size (M= 40,000 each), differ in antigenic properties and in net charges, and have been identified and characterized in many mammals (Horecker et a!., 1972; Schapira et a!., 1975; Lebherz and Rutter, 1969) . The genes encoding these subunits appear to be located separately on the chromosomes. Nevertheless, they seem to be closely related structurally: hence they are thought to have originated by gene duplication during evolution (Penhoet et aL, 1967; Benfield et aL, 1979 , Lai, 1975 .
The structure, genomic organization, and expression of the rat aldolase isozyme genes have been the subject of intensive studies in tissue specific expression, regulation, and evolution (reviewed in Hon et a!., 1987 ; see also Joh et a!., 1985 Sakakibara et al., 1985a, b; Mukai et a!., 1984 Mukai et a!., , 1986 Tsutsumi et a!., 1983 Tsutsumi et a!., , 1984 Tsutsumi et a!., , 1985 and gene mapping in humans in Kukita et a!., 1987) . However, genetic differentiation and environmental correlates of aldolases in natural populations are largely unknown. Our objective in this research was to study geographic variation of aldolase in the four chromosomal species of molerats of the Spalax ehrenbergi complex across a transect of aridity stress in Israel.
Subterranean mole-rats of the Spalax ehrenbergi superspecies in Israel represent a case of active speciation and adaptive radiation suitable for investigating aldolase polymorphisms. Several reviews highlighting different perspectives describe the multidisciplinary studies on the S. ehrenbergi complex both in terms of adaptation and speciation (Nevo 1979 (Nevo , 1982 (Nevo , 1985 (Nevo a, b, 1986a (Nevo , b, 1988 (Nevo a, 1989 (Nevo , 1990 . The complex comprises four chromosomal species (2n = 52, 54, 58, 60) displaying progressive final stages of chromosomal speciation. Hybrid zones, progressively becoming narrower northward, separate the chromosomal species (Nevo and Bar-El 1976) , and along with differential interspecific assortative mating, this provides a measure of the stage of speciation of each species (Nevo 1985a) .
The adaptive radiation of the S. ehrenbergi superspecies in Israel, from the early Pleistocene to recent times, is closely associated with fossoriality, increasing aridity, progressive deforestation and savannization. It is associated with distinct climatic diversity in both the Mediterranean and steppic climatic regimes: 2n =52 in the cool-humid north; 2n =54 in the cool-dry north- but also, though less so, eastward (2n = 52 -54).
The biology of mole rats is correlated at all levels of organization with the climatic trends of aridity stress.
Allozymic variation has been studied in this superspecies at 30 gene loci (Nevo and Shaw, 1972; Nevo and Cleve, 1978; Nevo, Filippucci and Holmes, in preparation) . These studies revealed low levels of allozyme polymorphism and heterozy- 
Southern Blot Analysis
Chromosomal DNA was isolated from kidney tissue of the different species, using standard methods (Holland, 1983) . Each of the DNAs Hermon; 2n = 58: (7) Kabri, (8) Zippori, (9) Afiq; 2n = 60:
(10) Anza, (11) Lahav, (12) Jerusalem, (13) Sede Boqer (a very small desert isolate in the northern Negev desert).
per cent BSA, 002 per cent polyvinylpyrrolidone, 002 per cent Ficol), 1 per cent SDS, 200 jig/ml denatured salmon sperm DNA at 62°C for 12 to 16 h and for 48 h, respectively. Two kinds of aldolase cDNA were used as probes: a mixture of pRAAM83 and pRAAM1O3, cDNA clones of rat aldolase A mRNA (Joh et a!. 1985) , and pRAB171O, a cDNA of rat aldolase B mRNA (Tsutsumi et al., 1984) . They were labelled to 1 x io cpm/pg by the procedure of Feinberg and Vogeistein (1983) , heat-denatured, and used at a concentration of 106 cpm/ml. After hybridization, filters were rinsed four times with 2 x SET containing 1 per cent SDS at room temperature for 5 mm, 
washed twice with the same solution at 56°C for 1 h, and autoradiographed at -70°C.
Statistical analysis
We used SPSS-x (1986) statistical programs for uni-and multivariate analyses. We designted fragments by referring first to the gene probe (A or B), then to the restriction enzyme (E for EcoRI and H for Hin dill) followed by the kilobase of the fragment; for example AE 2l = Probe A, digested by EcoRI and 21 kilobase in size.
RESULTS

Patterns of variation
The results appear in tables 2-6 and in fig. 2 . We have found scorable polymorphisms with both probes (Aid-A and B). For Aid-A we found 12 fragments with both EcoRI and Hin dill. For Aid-B we found six and seven fragments with EcoRI and HindIII, respectively. The fragment distribution appears in table 2. Several patterns are indicated, for each probe and for each restriction enzyme. For probe A, digested with EcoRI, seven of 12 fragments were polymorphic, producing 13 different"fragment profiles" (which are essentially different phenotypes of the aldolase A genotypes). In probe A, digested with Hindlil, only one of 12 fragments was polymorphic, producing two different fragment profiles. For probe B, digested by EcoRI, four of six fragments were polymorphic, producing eight different fragment profiles; and with Hindlil three of seven fragments were polymorphic, producing eight different fragment profiles.
Fragment frequencies of the 15 polymorphic fragments across the four chromosomal species appear in table 3. Several geographic patterns are apparent. The first pattern displayed high frequency or fixation in the two northern species (2n =52,54) (e.g., Probe-A, EcoRI, 21 kb; Probe B, EcoRl, 4.9 kb). The second pattern displayed high frequency or fixation in the southern species (2n=58,60) (e.g., Probe-A EcoRi, 20kb). The third pattern displayed highest frequency in 2n = 58, decreasing both southward and northward (e.g., Probe B, EcoRl, 33 kb). The fourth pattern displayed highest frequency in the two mesic species (2n = 52, 58) and the lowest frequency in the two xeric species (2n = 54, 60) (e.g., Probe B, HindIII, 62 kb; an opposite trend is displayed by the 50 kb fragment). The fifth pattern displayed a decrease in frequency in the southern species, 2n = 60 (e.g., Probe A, EcoRI, 42, 23, 1.0kb). The sixth pattern was opposed to the fifth pattern and displayed decrease in frequency in 2n = 52 (e.g., Probe B, EcoRI, i'7 kb). Patterns 4-6 are not significant, but similar patterns in other molecular systems were significant (Nevo, 1990 ), hence we suspect that they may display biological reality. However, their confirmation clearly needs additional testing.
Geographical trends of phenotypic fragment profile diversity
The profiles generated for each of the aldolase probes by the two restriction enzymes have been designated alphabetically from profile A to S in aldolase A, and A to Z in aldolase B (see alphabetical designations in table 2). Overall, we defined 17-19 phenotypic profiles in aldolase A, and 26 in aldolase B. We calculated for each probe in each of the four chromosomal species, the average number of animals for each of the profiles in table 2.
Consequently, we obtained a profile diversity measure for each species, representing the average number of profiles per ten animals. The profile diversities for each of the four chromosomal species were 6'2, 60, 75 and 85 for2n = 52, 54, 58 and 60 respectively. The two southern species (2n = 58, 60) displayed higher aldolase DNA diversities than the two northern ones (2n = 52, 54).
Discriminant analysis
We conducted stepwise discriminant analysis (SPSS-x, 1986) based on individual variation across all fragments, and the results are given in First canonical discriminant function 6.0 (Scandalios, 1983) , displaying tissue and developmental stage specificities (Lebherz and Rutter, 1969; Horecker et a!., 1972) . Dramatic changes in the expression of aldolase A occur during ontogenesis and carcinogenesis of rat liver (Gracy et al., 1970; Horecker et aL, 1972) . Second, it has been found recently that three aldolase A mRNA species with different molecular sizes expressed tissuespecifically in rat (Joh et a!., 1985; Mukai et al., 1986) . Furthermore, additional study of aldolase A indicated that a single gene of rat aldolase A has multiple promoters allowing the tissue-specific generation of three species of mRNA by alternative usage of two exons encoding the 5' noncoding regions of the mRNAs . This is in contrast to the pattern of rat and chicken mRNA is transcribed (Tsutsumi et al., 1985; Burgess and Penhoet, 1985) . This distinction between aldolase A multiple promoters generating three mRNA forms notwithstanding, many features, especially the exon-intron structure of rat aldolase A and B gene, are essentially similar. This indicates that both genes have evolved from a common ancestral gene.
To the variation found hitherto in aldolases based on gene duplications, tissue and ontogenetic specificities, and the multiple promoters to the same gene producing multiple mRNA forms, we now add aldolase polymorphisms (RFLPs) in both aldolase A and B of the mole-rat, Spalax ehrenbergi.
This discovery is particularly interesting in view of (i) the monomorphism reported earlier for the three isozymes (aldolase A, B, C) in mole rats of the Spalax ehrenbergi superspecies (Nevo and Shaw, 1972) , (ii) the environmental correlates of the RFLPs, and (iii) polymorphism in the Sede Boqer desert isolate. We will now discuss these three aspects in turn.
Monomorphism of isozyme proteins and polymorphism of DNA Out of 30 isozymic genes analysed in the S. ehrenbergi superspecies, 14 gene loci proved polymor- The substantial importance of climatic selection, particularly by aridity stress on allozymic variation, has been demonstrated in 38 species of plants, invertebrates and vertebrates across Israel (Nevo, 1983 (Nevo, , 1990 . In particular 21 of the 38 species which were sampled across the entire mesic-xeric gradient, displayed positive correlation between heterozygosity of individual loci, as well as overall heterozygosity, with climatic heterogeneity and unpredictability (Nevo and Beiles, 1988a) . Recently, we have also demonstrated climatic selection between ribosomal DNA nontranscribed spacer polymorphism in S. ehrenbergi across the same transect of increasing aridity stress analyzed here for aldolase A and B (Nevo and Beiles, 1988b) .
Remarkably, aldolase fragment profile diversity increases from the northern (2n = 52, 54) to southern (2n = 58, 60) species. This pattern parallels that of allozymic heterozygosity discussed above. Aldolase DNA diversity, as well as allozymic heterozygosity are positively correlated with rainfall variation and unpredictability; both increase southward from the Mediterranean to the steppic and desert regions. This positive correlation between genetic and environmental variation, i.e., the niche width variation hypothesis (Van Valen, 1965) , substantiates the importance of ecological heterogeneity in population genetic differentiation of aldolases.
It is plausible to hypothesize that the level of genetic diversity may primarily relate to the buffering and homeostatic effect of heterozygosity of metabolically vital enzymes related to the energetic balance (Koehn, 1990) . Protein heterozygosity is apparently associated with developmental homeostasis and physiological function. The fitness of individuals in ecologically uncertain environments appears at least partially related to the level of heterozygosity. This pattern which corroborates theoretical predictions (Turelli and Ginzburg, 1983 ) may also be true for DNA polymorphism as demonstrated here for aldolase DNA diversity. Testing of additional DNA polymorphisms is needed before any generality may be drawn.
Polymorphism in the small desert
Sede Boqer isolate
The Sede Boqer desert isolate in the Northern Negev may have been disjuncted more than 10,000 years ago from the main range of 2n = 60, and its current population size is very small, in the order of 100 individuals (Nevo, 1989 ). Theoretically, this population which underwent a distinct bottleneck-ing during the late Pleistocene and Holocene times, and is therefore expected to be highly inbred, should have been highly homozygous for most genotypic and phenotypic systems (Nei et a!., 1975) . By contrast, the results obtained here for aldolases, indicate polymorphism in aldolases with a sample of two individuals only! Additional genetic polymorphisms were found in the Sede Boqer isolate for other allozymes (esterases), mtDNA, and myosin heavy chain, Per-homologous sequence and chromosomal polymorphisms (reviewed in Nevo 1989 and . Recently, we have also found polymorphism in the Sede Boqer isolate in the major histocompatibility complex (MHC) (Ben Shlomo et al., 1988) . In addition phenotypic variances have been also found in the Sede Boqer isolate in morphological, physiological and behavioural parameters. These genotypic polymorphisms and phenotypic diversities are probably the result of climatic balancing selection (Nevo, 1988b (Nevo, , 1989 . We suggest that direct climatic selection also affects the evolution of aldolase polymorphisms at the DNA level. This hypothesis is testable indirectly by the correlative methodology and directly by biochemical and physiological analyses.
